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Abstract – Here we introduce a culture system for the isolation, passaging and ampliﬁcation of avian
tracheal epithelial (ATE) cells. The ATE medium, which contains chicken embryo extract and fetal bovine
serum, supports the growth of ciliated cells, goblet cells and basal cells from chicken tracheas on
ﬁbronectin- or matrigel-coated dishes. Non-epithelial cells make up less than 10% of the total population.
We further show that ATE cells support the replication and spread of infectious bronchitis virus (IBV).
Interestingly, immunocytostaining revealed that basal cells are resistant to IBV infection. We also
demonstrate that glycosaminoglycan had no effect on infection of the cells by IBV. Taken together, these
ﬁndings suggest that primary ATE cells provide a novel cell culture system for the ampliﬁcation of IBVand
the in vitro characterization of viral cytopathogenesis.
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1. INTRODUCTION
Embryonated egg inoculation is commonly
used to amplify avian RNA viruses. Successful
viral replication mainly depends upon viral
adaption to and replication in the cells of the
embryonic and extraembryonic tissues. Growth
retardation and malformation of the embryo are
the main indicators of viral reproduction in this
system and signal the proper period for harvest-
ing the ampliﬁed virions from the amniotic or
chorioallantoic ﬂuids.
The low efﬁciency of viral ampliﬁcation
may prevent etiology determinations, intensive
surveillance of epidemiology and the tracing
of potential natural domestic hosts for viral
pathogens during an outbreak. For instance,
avian metapneumovirus (MPV), which primar-
ily attacks the respiratory tract, replicates inefﬁ-
ciently in embryonic eggs. Diagnosis of MPV
infection is mainly dependent on the detection
of viral RNA or viral antigens, but not viral iso-
lation [5, 6]. In addition, to investigate the epi-
demiology of avian inﬂuenza viruses (AIV)
requires efﬁcient and sensitive viral detection
and ampliﬁcation system for comprehensive
collection of the viruses from waterfowl and
migratory birds [17, 31]. However, the wild-
bird isolated AIV are usually mildly or non-
pathogenic to chicken embryos [20, 26]a n d
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Article published by EDP Sciencesthe efﬁciency of viral isolation is often unsatis-
factory in embryonated eggs [11, 19].
It has been shown that serial passage using
chicken embryos enforces the selection of
adapted viruses and inevitably alters the genetic
codes of the primary viral isolates, especially
for genes involved in cell adsorption and viral
replication [8, 9]. The environment of the viral
replication may also selectively modify the ori-
ginal cell tropism and pathogenesis of the iso-
lated virus [15, 25]. It has been shown that
a serially embryo-passaged of infectious bron-
chitis viruses (IBV) M41 strain exhibited signif-
icantly attenuated pathogenesis within the
oviduct compared to the parental strain [7]. In
addition, egg-mediated epitope alterations in
ampliﬁed isolates might attenuate the protective
efﬁciency of these viruses when used to vacci-
nate against the challenge of a wild-type viru-
lent strain [16, 24]. For instance, after egg
adaption, human inﬂuenza A virus, originally
showing a2-6 sialic acid tropism only, exhibits
increased hemagglutinin (HA) binding afﬁnity
to a2-3 sialic acid-containing gangliosides due
to amino acid substitutions in the vicinity of
the receptor binding site of the HA protein
[8, 15]. For primary viral isolates, providing
natural host cells for replication might eliminate
the selection pressure of an exotic growth envi-
ronment and avert the alteration of cell tropism
and consequent genomic mutations.
Recently, a study reported a primary culture
system for tracheal epithelial cells from an
embryonic day (E) 17 chick embryo, in which
dissociated culture cells exhibited ciliary move-
ment and were positive for the expression of
pan-cytokeratin [33]. In addition, the global
proﬁle of mRNA expression in the cultured
cells showed that cytokeratin 14 (K14), a basal
cell marker, was highly expressed. However,
the protein expression of cell-type speciﬁc
markers and the existence of mucin-secreting
goblet cell are not well-characterized. In this
study, we developed a novel culture system to
isolate, amplify and passage chicken tracheal
epithelial cells in an efﬁcient manner. The
avian tracheal epithelial (ATE) cell types were
identiﬁed using immunocytostaining, and the
ratio of cell types is statistically illustrated.
We further demonstrate that primary ATE cells
support IBV replication. The susceptible cell
types and the effect of glycosaminoglycan
(GAG) on IBV attachment to ATE cells was
also investigated.
2. MATERIALS AND METHODS
2.1. Viruses and cell lines
Two IBV, 2575/98 and 2296/95, were isolated in
Taiwan and maintained using serial passage through
speciﬁc pathogen-free (SPF) eggs [29]. IBV were
inoculated into the embryonic eggs at the E9 stage
and harvested at the E11 stage from chorioallantoic
ﬂuid. The original viral titers of 2575/98 and 2296/
95 are 10
7.4 EID50/0.1 mL and that of 2296 reached
10
9.6/0.1 mL, respectively [14]. The applied viral titer
of both IBV was 1 · 10
5 EID50/mL.
Plaque-puriﬁed Taiwan-isolated Japanese enceph-
alitis virus (JEV) strain RP-9 [28] was used as a
positive control for the study of GAG effect on the
virus-cell attachment. The adsorption of JEV was per-
formed with serum-free RPMI medium at 37  Cf o r
1 h. Virus-infected cells were incubated in RPMI con-
taining 2% fetalbovine serum (FBS). Virustiterswere
determinedbyplaqueassayinBHK-21(babyhamster
kidney) cells, which were maintained in RPMI 1640
with 5% FBS, 2 mM L-glutamine, 100 mg/mL of
streptomycin, and 100 IU/mL of penicillin. The med-
ium and culture reagents are obtained from Invitrogen
(Carlsbad, CA, USA).
2.2. Primary culture of ATE cells
Tracheas were obtained from one-day-old SPF
chicks and rinsed in DMEM medium (Invitrogen)
under sterile conditions. After the removal of sur-
rounding adipose and muscular tissues, tracheas were
digested with dispase I solution (2.5 U/mL dispase I)
(Roche, Nutley, NJ, USA) for 2 h at 37  Ct od i s r u p t
the basal membrane. Forceps were used to force the
outﬂow of detached cell sheets of tracheal epithelium
from the tracheal lumen. The epithelial cells were
harvested and further digested with collagenase I
(1 mg/mL, Roche) for 5 min at 37  C. The cells
were gently pipetted, and the tissues were homoge-
nized into small cell clumps. FBS was added to the
digesting solution to stop the reaction. The cells were
centrifuged at 1000 rpm for 5 min to remove residual
digesting enzymes. The cell pellets were resuspended
in ATE medium, containing 10% FBS (Invitrogen),
10% chicken embryo extract (CEE) (US Biological,
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tamine (Invitrogen), 0.1 mM b-mercaptoethanol
(Sigma-Aldrich, St. Louis, MO, USA), 1% non-
essential amino acids (Invitrogen) and 1% penicil-
lin/streptomycin (Invitrogen) in DMEM-F12 medium
(Invitrogen). Cells were seeded on 2% matrigel- or
20 lg/mL ﬁbronectin-coated 24-well or 96-well
plates (Corning Inc., Corning, NY, USA). When the
cells reached conﬂuence, the cultured cells were pas-
saged by digestion with both 0.01% (w/vol) protease
(type XIV, Sigma-Aldrich) and 2.5 U/mL dispase I
for 5 min at 37  C.
2.3. Chemicals
GAGcompounds,includingtheheparin(H),hepa-
ran sulfate (HS), dextran sulfate (DS) and chondroitin
sulfate (CS), were obtained from Sigma-Aldrich. The
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide) assay kit was obtained from
Sigma-Aldrich. FITC-conjugated BSI-B4 isolectin
(Sigma-Aldrich) was used as a marker for basal
cells from the tracheal epithelium [12]. Commercial
culture media for human and rat airway epithelial
cells were obtained from CELLnTEC advanced
cell system (Postfach, Bern, Switzerland) and CELL
ApplicationsInc.(SanDiego,CA,USA),respectively.
2.4. Immunohistostaining
and immunocytostaining
Cells or cryosections of infected trachea were
ﬁxed in 4% cold paraformaldehyde and permeabili-
zed with 0.3% Triton-X 100. Immunocytochemistry
was performed with the following primary antibod-
ies: E-cadherin (1:500, BD Biosciences, Franklin
Lakes, NJ, USA), b-tubulin IV and pan b-tubulin
(1:100, Sigma), ZO-1 (1:100, Zymed-Invitrogen),
mucin 5AC (1:50, Abcam, Cambridge, MA, USA),
cytokeratin 14 (1:100, Convance, Princeton, NJ,
USA), smooth muscle actin (SMA, 1:50, DakoCyto-
mation, Glostrup, Denmark) and vimentin (1:500,
Convance). Immune-serum of IBV-infected chicken,
screened by ELISA, was used for the detection of
IBV antigens in infected cells (1:200) [30]. Fixed
cells were washed twice with 0.1% Tween-20 in
phosphate buffer saline (PBS). Appropriate ﬂuores-
cence-tagged secondary antibodies (all from Jackson
ImmunoResearch, West Grove, PA, USA) were used
for visualization. Blue 40,6-Diamidino-2-phenylin-
dole (DAPI) was used for nuclear counter-staining.
Images of immunostaining were captured using a
ﬂuorescent microscope (Nikon ECLIPSE 80I) or
confocal microscope (LSM510 Meta, Zeiss).
2.5. Reverse transcription-polymerase chain
reaction (RT-PCR)
Total RNA was extracted from TW2575/98-
infected ATE cells using TRIzol
TM C&T (Protech,
Taiwan) according to the manufacturer’s protocol.
Positive-sense and negative-sense viral RNA
(0.5 lg) were reverse transcribed into cDNA using
SuperScript
TM III reverse transcriptase (RT) (Invitro-
gen) with oligo dT and sense primer 50-ACT GAA
AAT GAT AGT GTT ATG-30, respectively. PCR
was performed with a proofreading DNA polymerase
(KOD-Plus, Toyobo, Osaka, Japan). The PCR
cycling conditions consisted of 28 cycles at 94  C
for 30 s, 62  C for 30 s, and 68  C for 1 min on a
PCR machine (ASTEC 818). The primer sequences
for detection of the nucleocapsid gene of IBV were
50-AAT GCA TCT TGG TTT CAA GC-30 and
50-TCC TCATCT GAG GTC AAT GC-30;f o rd e t e c -
tion of GAPDH, the sequences were 50-GTG AAG
GTC GGT GTG AAC G30 and 50-GGT GAA
GAC ACC AGT AGA CAC TC-30.
2.6. The effect of GAG on JEV
and IBV infections
The effect of GAG on JEV and IBV infections
was measured in BHK-21 cells and ATE cells,
respectively. The cells were seeded at a density of
5 · 10
3 cells/well in 96-well plates. The GAG were
serially diluted and applied at 0, 7.5, 15, and
30 lg/mL for BHK-21 cells and at 0, 0.5, 1.0,
2.0 mg/mL for ATE cells. The BHK-21 and ATE
cells were infected with 500 plaque-forming units
of JEVand 10
3 EID50 of IBVat 37  Cf o r1h .C e l l s
were washed three times with serum-free medium,
and then normal growth medium was added. The
number of infected cells per 96-well, revealed by
IBV immunocytostaining, was manually counted at
8 h post-infection (h.p.i.) from ﬁve individual ﬁelds.
No obvious cell damage was observed after GAG
treatment or viral infection at 8 h.p.i. [18, 28].
3. RESULTS
3.1. The establishment of primary ATE cells
For the isolation of tracheal epithelial cells,
the intact cell sheet of the tracheal epithelium
was ﬁrst isolated from dispase-treated tracheas
(Fig. 1A). The epithelial membrane sheet was
further mechanically disrupted into small pieces
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idly underwent cell death or growth arrest after
a one-day culture. The optimal cell matrix for
ATE cells was evaluated; both 2% matrigel or
20 lg/mL ﬁbronectin efﬁciently promoted cell
attachment, but gelatin, collagen I, collagen IV
andlamininwerelesseffective(datanotshown).
The primary culture system for mammalian
tracheal epithelial cells is well-established. To
culture the ATE cells, specialized commercial
media for the tracheal epithelia of humans and
rats were ﬁrst tested (described in the Materials
and methods section). None of them supported
cell growth or long-term viability of ATE cells.
Adjustment of the concentration of retinoic
acid, a differentiating factor for tracheal epithe-
lial cells [10], did not affect attachment or cell
growth of ATE cells. Increasing FBS from
10% to 20% in the culture medium modestly
enhanced the viability of the cells (data not
shown). We speculated that unidentiﬁed
chicken nutrients essential for the promotion
of ATE cell growth were absent in the culture
medium. CEE, an essential supplement for the
culture of mouse neural crest stem cells [27],
was added to DMEM-F12 medium with 10%
FBS. We found that CEE signiﬁcantly
improved cell growth and reduced cell death
of the primary ATE cells (Figs. 1B and 1C).
The cell number of initial harvest from one tra-
chea on day 1 is about 2 · 10
5 cells. With this
optimized culture medium, isolated cells dis-
played increased MTT activity, and the cell-
doubling time was 46 h during the ﬁrst 6 days
of culture (Fig. 1D). The ATE cells could sus-
tain proliferative activity for 3–5 passages.
These results show that the established culture
system provides sufﬁcient nutrients and proper
Figure 1. Morphology and growth curve of primary avian tracheal epithelial (ATE) cells. (A) An isolated
intact membrane sheet of the tracheal epithelium from a one-day-old chick. After digestion with collagenase
I, the dissociated ATE cells were plated on 2% matrigel-coated 24-well plates. The morphology of the ATE
cells are shown in panel (B) and (C). The cell growth was further analyzed by trypan blue exclusion assay
(D) and MTT activity (E). Y-axis (D) states the cell number per well of 24-well plates.
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3.2. The cell types of ATE cells
Tracheal epithelial cells are connected to
each other by E-cadherin molecules [23].
Among the isolated ATE cells, 88.3 ± 13.2%
expressed E-cadherin and a gap-junction mole-
cule, ZO-1 [23]. E-cadherin-negative cells,
including SMA-positive muscle cells and
vimentin-positive ﬁbroblast cells, accounted
for 5.0 ± 1.4% and 3.5 ± 1.2% of the cultured
cells, respectively, indicating the high purity
of this primary culture system. In tracheal epi-
thelial cells, b-tubulin IV/b-tubulin, mucin
5AC and cytokeratin 14 (K14) are speciﬁc
markers of ciliated cells, goblet cells and basal
cells, respectively [12, 13, 23]. Basal cells also
show high afﬁnity for GSI-B4, a plant lectin
that speciﬁcally binds the glycoconjugates of
basalcells oftrachealepithelia[12,13]. Figure2
shows that these three major cell types – ciliated
cells, goblet cells and basal cells – were all pres-
ent in the ATE population, and accounted for
22.8 ± 9.1%, 44.8 ± 9.7% and 41.6 ± 8.4%
of the ATE cells, respectively.
3.3. ATE cells support IBV replication
To determine whether ATE cells support the
replication of IBV, two egg-adapted Taiwan
IBV strains, 2575/98 and 2296/95, were used
in this study. These two IBV viruses cannot
infect primary chicken embryonic ﬁbroblast
cells or immortalized DF1 chicken ﬁbroblast
cells. The ATE cells (5 · 10
4) were infected
with 50 lL 2575/98 (EID50 =1 0
5/mL) for
1 h at 37  C. At 24 h.p.i., IBV proteins were
detected in 2500–3000 cells by staining with
chicken anti-serum against IBV (Fig. 3B). We
found that the IBV only infected N-cadherin
+
tracheal epithelial cells, revealing that neither
smooth muscle cells nor ﬁbroblast cells are
the major target cells for IBV infection (Figs.
3D and 3E). The infection rate gradually
increased to 55.3 ± 12.8% of the total cells at
72 h.p.i. (Fig. 3C), as estimated by immunocy-
tostaining for IBVantigens in all adherent cells.
Similar results were observed in 2296/95-
infected cells (data not shown). In addition,
both positive- and negative-sense viral RNA
present were detected in the cytosol, and posi-
tive-sense viral RNA could be detected in the
supernatant of ATE cells at 24 h.p.i. (Fig. 3F),
demonstrating that mature IBV virion could
be produced and released from the cells. These
results indicate that cultured ATE cells support
viral infection, replication and spreading of
IBV.
3.4. IBV infects ciliated cells and goblet cells,
but not basal cells
It has been reported that IBV can infect both
ciliated cells and goblet cells in the tracheal epi-
thelium [1, 22]. However, whether basal cells
are also susceptible to IBV infection remains
obscure. We infected isolated intact tracheas
with 50 lL 2575/98 (EID50 =1 0
5/mL) for
48 h and found that IBV protein expression
only colocalized with b- t u b u l i nI V -o rm u c i n
5AC-positive cells (Figs. 4A and 4B). No viral
protein was detected in the K14-positive basal
cells of the tracheal epithelium (Figs. 4C and
4D). To further examine whether basal cells
are resistant to IBV infection in vitro, 5 · 10
4
ATE cells were also infected with 50 lLo f
IBV 2575/98 strain (10
5 EID50/mL) for 48 h.
In vitro results consistently showed that viral
proteins of IBV were mainly detected in ciliated
cells and goblet cells, but not in basal cells
(Figs. 4E–4H). Similar cell tropism results were
obtained when IBV 2296/95 or a higher dosage
of viral loading was used (data not shown).
These in vivo and in vitro experiments clearly
delineate the cell tropism of IBV in the avian
respiratory tract.
3.5. GAG has no signiﬁcant effect on IBV
binding to ATE cells
Virus binding to host cell surface receptors is
critical for determining tissue tropism and viral
pathogenesis. It has been shown that H or HS
may serve as a coreceptor in ﬁbroblast cells
for infection by the IBV Beaudette strain, but
not the M41 strain [18]. In this study, highly
sulfated GAG, such as H and DS, and com-
m o nG A G ,s u c ha sH Sa n dC S ,w e r et e s t e dt o
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tralizing effects on binding of Taiwan-isolated
IBV to ATE cells. JEV was used as a positive
control for the evaluation of the GAG effect
[28]. Figure 5A shows that both H and DS at
7.5 lg/mL effectively blocked JEV infection
in BHK-21 cells, as previously reported [28].
Complete inhibition of JEV infection was
achieved when the concentrations of H and
DS were elevated to 30 lg/mL. Although low
concentrations of HS and CS did not affect
JEV infection, a modest neutralizing effect
was observed when the concentrations of HS
and CS were elevated to 30 lg/mL. In contrast
to the JEV results, even when all of the tested
GAG were applied at 2.0 mg/mL, no signiﬁcant
inhibitory effects were observed on the infec-
tion of primary ATE cells by TW2575/98
(Fig. 5B). In addition, the GAG did not alter
the cell tropism of IBV on cilia cells or goblet
cells (data not shown). These results strongly
suggest that the binding afﬁnity of GAG for
IBV is too low to interfere with viral entry into
tracheal epithelial cells.
Figure 2. CellidentiﬁcationandcellpercentagesoftheprimaryATEcells.Thecelltypesoftheculturedcells
were identiﬁed by immunocytostaining. b-tubulin IV, ciliated cells; mucin 5AC, goblet cells; E-cadherin and
ZO-1, epithelial cells; K14 and GSI-B4, basal cells; smooth muscle actin (SMA), smooth muscle cells;
vimentin,ﬁbroblastcells.ThepercentagesofindividualcelltypesamongtheATEcellsareillustrated.Thedata
represent triplicate experiments that analyzed at least 500 counted cells. Scar bar, 25 lm. (A color version of
this ﬁgure is available at www.vetres.org.)
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In this study, we showed that primary ATE
cells exhibit the same cell composition as tra-
cheal epithelia and can be passaged and ampli-
ﬁed in a convenient and efﬁcient way. These
cells support IBV viral replication and viral
release, providing an ideal system to amplify
respiratory viruses and characterize their
pathogenesis.
In studies of tracheal infection, ciliated cells
and goblet cells have been shown to be the
major target cells of IBV [1, 22]. Our results
with primary ATE cells also showed that IBV
viralproteincanbedetectedinbothciliatedcells
and goblet cells. This cell tropism may account
for the pathogenesis of IBV, such as the ciliosta-
sis in observed IBV-infected TOC and the
reduction of sialic acidsecretion[3, 22].Inaddi-
tion, we are the ﬁrst to demonstrate that IBV
does not appear to infect K14-positive basal
cells. In an uncomplicated IBV-infected chick,
clinical signs such as gasping, coughing, tra-
cheal rales and nasal discharge persist for only
5-to-7 days and disappear within 2 weeks [3,
22]. In the recovery stage, unaffected basal cells
may be responsible for epithelial hyperplasia
after desquamation of the ciliated and goblet
cells and reconstruction of the epithelium of
theinjuredrespiratorytract toreestablishnormal
physiological functioning [12, 13, 22]. The
insensitivity of basal cells to IBV infection also
suggests that coinfection with other viral or bac-
terial pathogens is required to disrupt basal
membrane integrity and cause hemorrhage in
IBV-infected tracheas.
Figure 3. Infection of ATE cells with IBV. A total of 5 · 10
4 ATE cells were either non-infected (A) or
infected with 50 lL of 2575/98 strain (EID50 =1 0
5/mL) for 1 h at 37  C. At 24 h.p.i. (B, D) and 72 h.p.i.
(C, E), the expression of IBV proteins was detected by chicken anti-serum against IBV (200-fold diluted).
Infected cells were further characterized by the staining for E-cadherin (red) (D, E). (F) Total RNA was
isolated from the supernatants and cell lysates of infected and uninfected ATE cells at 24 h.p.i. The cDNA
derived from viral sense (+) and antisense RNA ( ) were detected by primers targeting to the nucleocapsid
(N) gene. The house-keeping gene GAPDH was used as an internal control. Scar bar in panel (A) to (C),
25 lm; in panel D and E, 10 lm. (A color version of this ﬁgure is available at www.vetres.org.)
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IBV is still a problem [3, 22]. Measuring cilio-
stasis in TOC is not a sensitive approach for
determining the severity of respiratory tract
injury caused by IBV infection [21]. In addi-
tion, different species of chicken may also vary
in the vulnerability of their respiratory tissue to
IBV infection [2, 22]. In our ATE system, IBV
shows high afﬁnity for ciliated cells and goblet
cells. Cell tropism, viral replication and viral
spread can be determined and quantiﬁed by im-
munocytostaining, suggesting that ATE cells
could serve as a quantitative platform to deter-
mine the pathogenesis of IBV.
Figure 4. IBV infects ciliated cells and goblet cells, but not basal cells. At 48 h.p.i. with IBV, double
staining for IBV proteins and b-tubulin (A, E), mucin5AC (B, F) or K14 (C, G) was performed in cryo-
sectioned tracheal tissues (A–D) and ATE cells (E–H). Panels (D) and (H) are higher magniﬁcations of
panels (C) and (G), respectively. Scar bar, 20 lm. (A color version of this ﬁgure is available at
www.vetres.org.)
Figure 5. Infection of ATE cells with IBV is not signiﬁcantly affected by GAG. The effects of GAG on
JEVand IBV infections were measured in BHK-21 cells (A) and ATE cells (B), respectively. The cells were
seeded at a density of 5 · 10
3 cells/well in 96-well plates. The GAG were serially diluted and applied to
BHK-21 cells and ATE cells prior to infection with 500 PFU of JEVand 10
3 EID50 of IBVat 37  C for 1 h.
The infected cells were ﬁxed at 8 h.p.i. The number of infected cells was manually counted after
immunocytostaining for IBV antigens. The data represent the average of triplicate wells under the same
experimental conditions.
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may help IBV bind to its receptor on the cell
membrane of target cells [18, 32]. Receptor
binding triggers endocytosis and delivers the
viral genome into the cytosol through pH-
dependent membrane fusion [4]. In this study,
we demonstrate that none of the tested GAG
interfered with IBV binding to ATE cells. Fur-
ther investigation is required to test whether this
ineffectiveness is due to a lack of the XBBXBX
H consensus sequence in the S protein
sequences of TW IBV.
In this study, we established a primary ATE
cell culture system for the maintenance and
ampliﬁcation of epithelial cells of the chicken
respiratory tract. Using these culture conditions,
immortalized cell lines could potentially be
established by overexpression of oncogenes,
telomerase or anti-apoptotic genes. Both pri-
mary cells and respiratory cell lines will provide
a new window to reveal viral life cycles, viral
persistence, virus-cell interaction and the patho-
genesis of avian respiratory viruses.
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